White matter tracts play the very important role of transmitting signals between neurons in the CNS. In the case of the spinal cord, disruption of axonal connections spanning even a small segment can result in severe and widespread disability involving functions distal to the lesion. Previous studies indicate that voltage-gated Na ϩ channels play an important role in anoxic and traumatic cellular injury of myelinated central axons (Agrawal and Fehlings, 1996; Stutzmann et al., 1996; Imaizumi et al., 1997; Teng and Wrathall, 1997; Stys et al., 1992; Stys, 1998) . In addition, more recent reports indicate that CNS white matter injury is also dependent on excitotoxic mechanisms involving glutamate receptors of the AMPA/kainate class (Agrawal and Fehlings, 1997; Wrathall et al., 1997; Rosenberg et al., 1999) . However, neither the mechanisms nor the cellular and subcellular targets of glutamate excitotoxicity in CNS white matter are well understood.
Oligodendrocytes and astrocytes have been shown to possess glutamate receptors of AMPA and kainate subtypes (Jensen and Chiu, 1993; Matute and Miledi, 1993; Garcia-Barcina and Matute, 1996; Steinhauser and Gallo, 1996; Agrawal and Fehlings, 1997; Matute et al., 1997) . Persistent activation of these receptors causes injury to oligodendrocytes both in cell culture and in vivo (Yoshioka et al., 1995 (Yoshioka et al., , 1996 Matute et al., 1997; Matute, 1998; McDonald et al., 1998) . Similarly, overactivation of AMPA receptors is very toxic and even lethal to astrocytes when receptor desensitization is blocked (David et al., 1996) . In this study, using isolated rat spinal cord dorsal column slices, we examined the pharmacological features of excitotoxic injury in in vitro spinal cord white matter at physiological temperature and found that spinal cord white matter is markedly damaged by activation of AMPA receptors. We also explored the subcellular loci of injury and observed that oligodendrocytes, astrocytes, and particularly the myelin sheath are targets for excitotoxic injury, with little evidence of damage to the axon cylinder per se. Our data extend previous observations that blockade of glutamate receptors is protective against white matter trauma or anoxia (Wrathall et al., 1994; Agrawal and Fehlings, 1997; Li et al., 1999) by elucidating which elements may be spared by, and which are unlikely to benefit from, glutamate receptor antagonists.
MATERIALS AND METHODS
Electrophysiolog y. E xperimental procedures have been described previously (Li et al., 1999) . Briefly, adult L ong-Evans male rats (200 -250 gm) were deeply anesthetized with sodium pentobarbital, and a thoracic laminectomy was performed. Rats were then perf used intra-aortically with 500 ml zero-Na ϩ /zero-C a 2ϩ solution containing (in mM): choline chloride 135, choline bicarbonate 26, KC l 1, K H 2 PO 4 1.2, dextrose 10, and EGTA 1.0, bubbled with 95% O 2 /5%C O 2 . A 30 mm section of spinal cord was rapidly removed and placed in cold (4 -6°C) zero-Na ϩ /zeroCa 2ϩ solution bubbled with 95% O 2 /5%C O 2 . The spinal cord section was hemisected, and the dorsal columns were gently excised and placed in an interface recording chamber bathed in normal-Na ϩ /zero-C a 2ϩ solution containing (in mMM): NaC l 126, KC l 3.0, MgSO 4 2.0, NaHC O 3 26, NaH 2 PO 4 1.25, MgC l 2 2.0, dextrose 10, and EGTA 0.5, at room temperature bubbled with 95% O 2 /5%C O 2 . The bath temperature was slowly raised to and maintained at 37°C with a temperature controller Medical Systems Corp, Greenvale, N Y) , then the perf usate was switched to artificial C SF (aC SF) containing normal [C a] (in mM): NaC l 126, KC l 3.0, MgSO 4 2.0, NaHC O 3 26, NaH 2 PO 4 1.25, C aC l 2 2.0, dextrose 10. Control recordings were taken 30 min after the temperature reached 37°C in aC SF. Propagated compound action potentials (CAPs) were evoked using a bipolar silver wire stimulating electrode placed on one end of the dorsal column and a constant voltage pulse (50 sec and typically 70 V) delivered once every 30 min. CAPs were recorded extracellularly at the opposite end using large-tipped glass microelectrodes filled with 150 mM NaC l. To allow recording of multiple slices during a single experiment, the stimulation and recording sites were marked with a small amount of neutral red dye to allow accurate repositioning of the electrodes. Evoked CAPs were digitized, stored, and analyzed using WaveTrak software (Stys, 1994) . The f unctional integrity of the dorsal column was quantitated by measuring peak CAP amplitude. Pharmacolog ical agents. L-glutamic acid, M K801, N BQX (Sigma, St. L ouis, MO), kainic acid, kynurenic acid, and Joro spider toxin (JSTX-3 tristrifluoroacetate, RBI) were dissolved directly into aC SF. AM PA, cyclothiazide (Sigma), and NMDA (Tocris) were first dissolved in NaOH (0.1N for AM PA and cyclothiazide; 1N for NMDA), and GYK I52466 (RBI) was dissolved in 0.1N HCI, then added to aC SF to the desired final concentration. The pH of the solutions was maintained at 7.4. Glutamate receptor antagonists (M K801, N BQX, kynurenic acid, GYK I52466, JSTX-3) were applied beginning 30 min before addition of agonist (glutamate, kainate, AM PA).
Immunohistochemistr y. We used quantitative confocal immunofluorescence to directly examine which dorsal column white matter elements are damaged by glutamate receptor activation. Rabbit antiserum raised against degenerated myelin basic protein (anti-EP; a generous gift from Dr. Pat McGeer, University of British Columbia) was used to assay damage to the myelin sheath. This antibody stains myelin only in damaged, but not intact, white matter regions (Matsuo et al., 1997) . Antiserum against spectrin breakdown products (a generous gift from Dr. Jon Durkin, National Research Council, Ottawa, C anada) was used to examine C a 2ϩ -dependent calpain-mediated degradation of the structural protein spectrin in axons (Isayama et al., 1991; Hewitt et al., 1998) and cell bodies and processes of oligodendrocytes and astrocytes. Spectrin is a ubiquitous cytoskeletal protein that is cleaved by calpain, itself activated by a rise in cytosolic [C a 2ϩ ] . Thus calpain-cleaved spectrin breakdown is a reliable indicator of C a 2ϩ -dependent tissue injury in C NS ischemia and trauma (Roberts-Lewis et al., 1994; Buki et al., 1999) . After surgical preparation and spinal cord dissection as above, dorsal column slices were incubated in normal aC SF or 1 mM glutamate for 3 hr, and then fixed in 4% paraformaldehyde for 24 hr and cryoprotected for 48 hr in PBS, pH 7.4, containing 20% glycerol at 4°C. Ends were sometimes gently teased to allow imaging of individual axons (see Fig. 5C ). Slices were then dissected into smaller pieces (ϳ3 ϫ 2 ϫ 0.5 mm) and preincubated in 10% Triton X-100 for 30 min, followed by 4% normal goat serum (NGS) with 0.1% Triton X-100, and PBS for blocking for 1 hr at room temperature. After a single quick rinse in PBS, the sections were incubated for 24 hr at 4°C with primary antiserum diluted in 2% NGS with 0.1% Triton X-100, PBS at a concentration of 1:100 for anti-EP, anti-spectrin breakdown, anti-mouse neurofilament 160 (Sigma) (marker for axon cylinders), anti-glial fibrillary acidic protein (GFAP; Boehringer Mannheim, Indianapolis, I N) [astrocytes (Dusart et al., 1991) ], and anti-2Ј,3Ј-cyclic-nucleotide 3Ј-phosphodiesterases (C N Pase; Promega, Madison, W I), a known cytoplasmic marker for oligodendrocytes and their putative progenitors (Braun et al., 1988; Trapp et al., 1988) . Antibodies against GluR1, GluR2/3, GluR4 (Chemicon, Temecula, CA) and GluR2 (Oncogene Research Products, C ambridge, M A) receptor subunits were used at 2-4 g /ml. After the primary antibody incubation, slices were rinsed three times in PBS for 30 min, then incubated for 1 hr with Alexa 594 goat anti-rabbit (1:200) and Alexa 488 goat anti-mouse (1:400, Molecular Probes) diluted in PBS with 2% NGS and 0.1% Triton X-100. Control sections were incubated with either the primary antisera omitted or secondary antibodies omitted. Images were collected on a Bio-Rad 1024 confocal laser scanning microscope with a 60ϫ oilimmersion objective (Olympus Optical, Tokyo, Japan). A minimum of 10 images collected from two to three sections were examined for each combination of markers, and representative images are shown. Digitized images were analyzed using N IH Image 1.61 (http://rsb.info.nih.gov/nihimage/default.html) on a Macintosh Power PC.
Statistics. All data are expressed as means Ϯ SD. Statistical differences were calculated by ANOVA with Dunnett's test for multiple comparisons, with a common control group in the case of electrophysiological data. Student's t test was used for quantitative immunofluorescence data when only two groups were compared. Reported n values represent number of individual dorsal column slices studied electrophysiologically, or the number of confocal image frames analyzed for fluorescence intensity.
RESULTS

Spinal cord white matter is vulnerable to excitotoxins
In control dorsal column slices perfused with normal aCSF, electrophysiological recording of CAPs showed Ͻ5% change in mean peak CAP amplitude during 3 hr of in vitro monitoring at physiological temperature ( Fig. 1 B) (Li et al., 1999) . Slices incubated in 1 mM glutamate exhibited CAP amplitudes that were significantly decreased 90 min after the start of glutamate exposure in comparison with time-matched controls. At the end of a 3 hr glutamate application, mean CAP amplitude was reduced to 43 Ϯ 18% of baseline CAP amplitude recorded at time 0 and was significantly reduced compared with time-matched controls ( p Ͻ 0.01) ( Fig. 1 A, B) . Moreover, the glutamate-induced conduction failure did not recover after 1 hr wash with glutamate-free perfusate ( Fig. 2 A, B) . These results indicate that glutamate caused functional impairment of in vitro dorsal column white matter tracts at physiological temperature, which appears irreversible at least in the acute period. Similarly, the non-NMDA receptor agonists kainate (500 M) and AMPA (100 M) caused a signif- under various treatment conditions. Controls remained stable for 180 min at 37°C. Exposure to glutamate (1 mM) or kainate (500 M) significantly reduced CAP amplitude to ϳ40% of control after 180 min. In contrast, NMDA (500 M) had no effect. *p Ͻ 0.05, **p Ͻ 0.01 compared with time-matched controls. C, Addition of cyclothiazide, an inhibitor of AMPA receptor desensitization, caused a more rapid decay of mean CAP amplitude, although the final degree of injury was not different at the end of 180 min. *p Ͻ 0.05, **p Ͻ 0.01 compared with time-matched readings in glutamate alone.
icant attenuation of peak CAP amplitude to a degree similar to that induced by glutamate (Fig. 2 ). This functional injury was also irreversible after 1 hr of wash. In contrast, a 3 hr exposure to 500 M NMDA (with 20 M glycine and in the absence of Mg 2ϩ to maximize activation of NMDA receptors) had no effect ( Fig.  1 A, 
B).
Excitotoxicity in dorsal columns is mediated via AMPA receptors and is Ca 2؉ dependent
Kynurenic acid (1 mM), a broad spectrum blocker of both NMDA and AMPA/kainate receptors, applied 30 min before glutamate exposure, significantly protected the dorsal column slices from glutamate toxicity ( Fig. 3 A, bacher et al., 1994) in addition to glutamate caused a more rapid decline in CAP amplitude over time, although the final degree of injury after 3 hr of exposure was not significantly different from glutamate alone (Fig. 1C) . The protective effect of the competitive AMPA/kainate receptor antagonist NBQX (10 M) (Sheardown et al., 1990) [CAP reduction to 79 Ϯ 23 vs 49 Ϯ 17% without NBQX, p Ͻ 0.01 ( Fig. 3C) ] lends further support to the idea that glutamate-induced excitotoxicity in dorsal column white matter occurs primarily via overactivation of this subtype of ionotropic glutamate receptors. Figure 4 illustrates the protective effect of GYKI52466 (30 M), a specific AMPA receptor antagonist (Paternain et al., 1995) . This agent provided robust neuroprotection against AMPA/kainate receptor activation (CAP reduction to 82 Ϯ 10 vs 40 Ϯ 19% without antagonist, p Ͻ 0.01) to a degree similar to that observed with the broader spectrum blockers NBQX and kynurenic acid. Taken together, these findings indicate that AMPA, rather than NMDA or kainate receptors, are most responsible for glutamate-mediated dorsal column injury. Certain AMPA receptors have been shown to display substantial permeability to Ca 2ϩ (Ozawa et al., 1998; Dingledine et al., 1999) , and influx of this divalent cation through these receptors contributes to neuronal death in several pathophysiological conditions, such as anoxia/ischemia and trauma (PellegriniGiampietro et al., 1997 (Iino et al., 1996) , protected dorsal columns from excitotoxicity (Figs. 3, 4) to virtually the same degree as the AMPA antagonist GYKI52466 (mean CAP amplitude reduction to 89 Ϯ 16% in Ca 2ϩ -free, 83 Ϯ 4.6% in JSTX-3 vs 40 Ϯ 18% in normal Ca 2ϩ -containing aCSF, p Ͻ 0.01). These observations suggest that Ca 2ϩ influx through Ca 2ϩ -permeable AMPA receptors plays a major role in the genesis of excitotoxic damage in dorsal columns, probably by activation of Ca 2ϩ -dependent degradative pathways such as calpains and phospholipases.
Glutamate-induced cellular damage is localized to myelin and glia
The previous results provide pharmacological evidence that glutamate, kainate, and AMPA are toxic to spinal cord white matter, and this excitotoxicity is associated with Ca 2ϩ influx principally through AMPA receptors. Physiological studies, although providing reliable functional measures, do not give detailed information about the subcellular loci of injury. We used immunocytochemistry with specific antiserum raised against degenerated myelin basic protein (Matsuo et al., 1997) and calpain-cleaved breakdown products of the structural protein spectrin (Hewitt et al., 1998) to examine which white matter elements are vulnerable to excitotoxins. Figure 5 shows representative confocal images of dorsal column white matter incubated with normal aCSF (left panels) or 1 mM glutamate for 3 hr (right panels). Double staining with neurofilament ( green) to outline axon cylinders, and degenerated myelin basic protein (red), showed that a 3 hr glutamate exposure induced significant damage to the myelin sheath (Fig.  5 B, C, arrowheads, red signal surrounding axon cylinders) . In contrast, time-matched control sections without glutamate displayed virtually no myelin damage (Fig. 5A) .
Immunostaining for spectrin breakdown products (SBPs) allows detection of structural damage to cytoskeleton in axon cylinders and glia. Astrocytes and oligodendrocytes were distinguished using GFAP (Dusart et al., 1991) and CNPase (Trapp et al., 1998) , respectively. Double staining for cellular marker proteins (i.e., CNPase, GFAP, and neurofilament) and SBP revealed that control sections displayed low levels of SBP in the cell bodies and processes of oligodendrocytes, axon cylinders, and astrocytes, best seen in the separated gray scale images in Figure  6C ,G,K. These degenerated spectrin products may represent normal basal turnover of structural proteins, induction of mild injury by the procedure of tissue isolation and in vitro incubation, and mild nonspecific staining by the antiserum. In contrast, a 3 hr exposure to 1 mM glutamate induced significant damage to oligodendroglial and astrocytic cell bodies and processes, as shown by the red staining for SBP or yellow signal colocalizing SBP and CNPase/GFAP (Fig. 5 E, G) . Notably, there was no detectable rise of SBP in axoplasm after glutamate treatment (Figs. 5I, 6H ). Figure 6 illustrates separated gray scale images of sections double-stained for standard markers and SBP in control and glutamate-treated groups. The increase in SBP fluorescence in oligodendrocytes and astrocytes in the glutamate-treated slices is shown quantitatively in the accompanying bar graphs, with significant increases observed in cytosolic regions of oligodendrocytes (48 Ϯ 9 in glutamate group vs 38 Ϯ 7 in controls, p Ͻ 0.01) (Fig. 6 , left bar graph) and astrocytes (58 Ϯ 11 vs 31 Ϯ 2 in controls, p Ͻ 0.001) (Fig. 6, right bar graph) . In contrast, glutamate did not induce any detectable structural injury, as estimated by spectrin breakdown, in axon cylinders even after 3 hr of exposure; SBP fluorescence was identical in treated versus control sections (36 Ϯ 2 vs 36 Ϯ 1, respectively, p ϭ 0.879) (Fig. 6 , middle bar graph).
AMPA receptors are expressed in oligodendrocytes, astrocytes, and myelin of spinal cord white matter
Our data suggest that overactivation of Ca 2ϩ -permeable AMPA receptors by excitotoxins in dorsal column white matter results in significant functional and structural damage to various cellular components including oligodendrocytes, astrocytes, and the myelin sheath. Figure 7 shows representative immunohistochemical sections stained for different AMPA receptor subunits. GluR4 was the most ubiquitous subunit, present in oligodendrocytes (Fig. 7G,H ) and astrocytes ( F), with astrocytic processes associated with capillaries being particularly rich in this receptor subunit. Axoplasm also contained GluR4 (Fig. 7E) , and interestingly, the myelin sheath displayed noticeable GluR4 label as well ( H). The weaker GluR4 signal in the axon cylinder in H is obscured by the much stronger neurofilament label, with a strong green MBP signal obscuring GluR4 in the myelin in E; separated images (data not shown), and particularly counterstains that are not overlapping (such as MBP in Fig. 7E and neurofilament in H ) , clearly indicate the presence of this subunit in both the axoplasm and myelin. The latter was devoid of isoforms other than GluR4. With the exception of astrocytes, GluR1 was largely absent to any significant degree in dorsal column white matter elements. The combination of GluR2 and GluR2/3 antisera allowed us to distinguish between these two subunits. Given that GluR2 was not seen in glia, myelin, or axon cylinders (results not shown), GluR2/3 positivity in oligodendrocytes and astrocytes (Fig. 7C,D) indicates the presence of GluR3 in these cells. To ensure that the total absence of GluR2 label was not artifactual, positive controls were performed in spinal gray matter, known to contain GluR2-positive neurons (Grossman et al., 1999) , where unequivocal neuronal staining was observed (data not shown). GluR1 was weakly present in astrocytes and possibly in axon cylinders as well [faint signal outside of GFAP-positive regions in Fig. 7B ; supported by neurofilament double staining (data not shown)]. Table  1 contains a summary of AMPA receptor subunit distributions in dorsal columns observed in our experiments. 
DISCUSSION
White matter tracts of the mammalian spinal cord serve the critical function of conducting signal traffic to and from the brain. Traumatic and ischemic damage to the cord often results in major clinical disability, most of which is attributable to dysfunction of white matter tracts rather than gray matter regions (Blight and Decrescito, 1986; Noble and Wrathall, 1989) . Recent reports suggest, perhaps surprisingly, that glutamate-dependent mechanisms appear to play a role in this tissue that is devoid of synaptic elements. However, the source of glutamate, release mechanism, and cellular targets are not known. In this study, using an isolated in vitro spinal white matter tract, we studied the glutamate receptors involved, the cellular targets of excitotoxicity, and the ionic dependence. We observed that overactivation of mainly the AMPA receptor subclass by glutamate or related agonists caused significant irreversible functional injury. Excitatory amino acids were directly toxic to dorsal column slices, and this damage was not dependent on adjacent gray matter or vascular supply, which were absent in our model.
Electrophysiological recordings showed that CAP amplitude was irreversibly reduced to less than half of control after 2-3 hr of agonist exposure at physiological temperature, with conduction impairment appearing as early as 30 min when AMPA receptor desensitization was blocked (Fig. 1) . In an earlier study, Agrawal and Fehlings (1997) reported that both AMPA and kainate reduced the amplitude of CAPs recorded from in vitro spinal white matter, but the degree of conduction impairment was much more modest compared to our results and was reversible, in contrast to our findings in which no recovery was detectable after wash of the excitotoxin (Fig. 2) . We believe that the elevated temperature at which we conducted our experiments induced significantly more excitotoxic injury compared with the hypothermic conditions used previously, indicating that glutamate-dependent injury may be far more important in white matter than previously appreciated.
Using selective agonists and antagonists, we concluded that the AMPA, and not the NMDA, receptor class is largely responsible for glutamate-mediated injury to spinal cord white matter. This is consistent with previous observations of neuroprotection af- . Confocal microscopic images of dorsal columns stained immunohistochemically with standard markers (neurofilament, CNPase, and GFAP to identify axon cylinders, oligodendrocytes, and astrocytes, respectively) and markers of cellular injury after a 3 hr in vitro incubation in normal CSF (Ctrl image column) or 1 mM glutamate (Glut). A-C, Tissue double-stained for neurofilament ( green) and degenerated myelin basic protein (red) (see Results). Control images show no myelin damage, whereas exposure to glutamate caused marked injury to the myelin sheath surrounding most axon cylinders (arrowheads). D and E identify oligodendrocytes using CNPase staining ( green), showing cytoskeletal damage demonstrated by a marked increase in spectrin breakdown products (SBP, red) in glutamate-treated versus control slices. GFAP ( green in F and G) identifies astrocytes that also sustained cytoskeletal damage, as shown by increased spectrin breakdown (red) in cells exposed to glutamate. In contrast, axon cylinders showed no appreciable increase in spectrin breakdown products after a 3 hr glutamate treatment (H, I ). Scale bars, 10 m.
forded by AMPA receptor antagonists in models of in vitro and in vivo spinal cord injury and anoxia (Wrathall et al., 1994; Agrawal and Fehlings, 1997; Li et al., 1999) , but is in contrast to neurons, where both classes of receptors are known to cause damage (Choi and Hartley, 1993; Choi, 1994) . Our data also indicate that the AMPA receptor-mediated injury is highly dependent on influx of extracellular Ca 2ϩ : removal of this ion from the perfusate allowed dorsal column slices to withstand a 3 hr kainate challenge with virtually no noticeable reduction in excitability (Fig. 4) . Together with the highly protective effect of Joro spider toxin, a selective blocker of Ca 2ϩ -permeable AMPA receptors (Iino et al., 1996) , our data strongly suggest that Ca 2ϩ influx directly through AMPA receptors plays an important role. However, alternate Ca 2ϩ entry routes cannot be ruled out. For instance, AMPA receptor-mediated cellular Na ϩ loading and depolarization may secondarily induce Ca 2ϩ entry through voltage-gated Ca 2ϩ channels or reverse Na ϩ -Ca 2ϩ exchange (Hack and Balazs, 1995; Liu et al., 1997) .
Electrophysiological measurements yield quantitative information about the overall functional state of tissue but do not provide insight into which white matter elements are vulnerable to glutamate-mediated toxicity. We used confocal microscopy and immunohistochemistry with antisera raised against damaged but not intact structural proteins, including myelin basic protein and spectrin. As shown in Figures 5 and 6 , glutamate caused significant structural injury to glial elements, with no detectable effect on axon cylinders. Thus only myelin, astrocytes, and oligodendrocytes appeared to be vulnerable to excitotoxins. Our findings are consistent with recent reports showing that both oligodendrocytes and astrocytes are damaged by overactivation of AMPA/ kainate receptors. AMPA or kainate causes rapid cell death in cultured oligodendrocytes in a Ca 2ϩ -dependent manner (Matute et al., 1997; McDonald et al., 1998) . Similarly, application of AMPA or kainate to white matter in vivo causes widespread death of oligodendrocytes (Matute et al., 1997; Matute, 1998) . Cultured astrocytes are relatively resistant to excitatory amino acid toxins (Choi et al., 1987; Koh et al., 1990) . However, Ca 2ϩ -permeable AMPA and kainate subunits of glutamate receptors have been identified in these cells (Burnashev et al., 1992; Seifert and Steinhauser, 1995; Garcia-Barcina and Matute, 1996; Figure 6 . Quantitative estimates of structural injury in dorsal columns exposed to 3 hr of 1 mM glutamate in vitro. Immunohistochemistry showing separated gray scale images (e.g., A and C are two channels from the same image) of sections double-stained with standard markers (neurofilament, CNPase, and GFAP) and spectrin breakdown products, in control and glutamate-treated tissue. Regions of interest outlined by each of the standard markers were analyzed for fluorescence intensity from the spectrin breakdown channel, thus producing a semiquantitative estimate of spectrin degradation in oligodendrocytes, axon cylinders, and astrocytes. Mean spectrin breakdown fluorescence from each of these three white matter elements is plotted in the bar graphs. Control sections show detectable levels of spectrin breakdown in all three cell types (C, G, K, and bar graphs) . Glutamate significantly increased the levels of spectrin degradation in oligodendrocytes and especially astrocytes (D, L) but had no effect on axon cylinders (compare G and H; middle bar graph) . n values represent number of image pairs analyzed for each bar. Scale bars, 10 m. Agrawal and Fehlings, 1997) , and damage can be induced when receptor desensitization is pharmacologically blocked (David et al., 1996) . Our results demonstrate that damage to astrocytes can be detected after a 3 hr exposure to glutamate even without inhibition of receptor desensitization (Figs. 5, 6 ). Previous reports indicate incompletely desensitizing responses in cultured astrocytes to glutamate application (Blankenfeld et al., 1995) . It is therefore likely that the residual permeability induced by glutamate in our tissue was sufficient to induce injury after a 3 hr exposure. Although we believe that AMPA receptors play a prominent role, a component of kainate receptor activation in astrocytic and/or oligodendroglial injury cannot be excluded, because we did not examine the effects of agonists selective for this receptor subtype.
An interesting observation from our studies was glutamateinduced structural damage to the myelin sheath itself (Fig. 5 B, C) . Myelin plays a critical role in sustaining saltatory conduction, with damage to the sheath resulting in slowing or complete failure of conduction (Waxman, 1992) . In this study, excitotoxins caused Immunohistochemical localization of AMPA receptor subunits in dorsal columns. Tissue was double-stained with GluR1, GluR2/3, or GluR4 (red), and a standard marker ( green). GluR2 staining was consistently absent in dorsal column white matter (data not shown). A, Control section with primary antibody omitted. B, GluR1 was only faintly detected in astrocytes as shown by the yellow hue indicating colocalization of the GluR1 and GFAP signals. C, D, Moderate levels of GluR2/3 were observed in oligodendrocytes and astrocytes, respectively, representing GluR3, given that GluR2 was absent. E, Myelin basic protein label ( green) outlines myelinated dorsal column axons whose axoplasm displays strong immunoreactivity to GluR4. GluR4 was also detected in astrocytes ( F) and oligodendrocytes ( G). H, Neurofilament stain ( green) delineates an axon cylinder that is surrounded by easily detectable GluR4 signal (red) in the myelin sheath (arrow). A GluR4-positive oligodendrocyte is seen adjacent to this fiber. Scale bars, 10 m.
impairment of conduction beginning as early as 30 min after drug application, in the absence of any detectable injury to the axon cylinder per se. This raises the strong possibility that functional white matter impairment secondary to excitotoxic exposure is largely, if not exclusively, caused by damage to glial elements, particularly the myelin sheath, given the rapidity of the effect on conduction. Although we cannot exclude the possibility that myelin damage was secondary to injury of the parent oligodendrocyte, the rapid disturbance of dorsal column excitability by glutamate suggests that excitotoxins exerted a direct effect on the myelin sheath. This hypothesis is further supported by the finding that GluR4, but not GluR2, receptor subunits are present in myelin, indicating that the sheath itself may respond to ambient glutamate, and if excessively stimulated they may suffer a toxic Ca 2ϩ influx directly through Ca 2ϩ -permeable AMPA receptors. As summarized in Table 1 , we also found GluR3 and GluR4 subunits in astrocytes, oligodendrocytes, and axoplasm. Our findings in glia are consistent with observations from other groups, where PCR studies and immunocytochemistry have directly demonstrated the expression of AMPA/kainate receptors in white matter glia (Jensen and Chiu, 1993; Matute and Miledi, 1993; Patneau et al., 1994; Garcia-Barcina and Matute, 1996; Steinhauser and Gallo, 1996; Agrawal and Fehlings, 1997; Matute et al., 1997; Matute, 1998; McDonald et al., 1998) . For example, oligodendrocytes from optic nerve express GluR3 and GluR4 subunits of the AMPA receptor and GluR6 -7 and KA1-2 subunits of the kainate receptor, but not GluR2 (Matute et al., 1997) , which is congruent with our findings of positive immunoreactivity for GluR4 and GluR2/3, but not GluR2, in this cell. The faint GluR1 immunoreactivity seen in dorsal column astrocytes is consistent with localization exclusively to this cell type in bovine corpus callosum (Garcia-Barcina and Matute, 1998) . The significance of GluR2/3 and GluR4 immunoreactivity in axoplasm is unclear, and it is possible that subunits are being transported for insertion at the terminals; however, we cannot exclude the possibility that some receptors are by inference present in the axolemma. If so, unlike glia and myelin, the density must be low enough so that activation of these receptors did not cause any detectable damage to the axon cylinder.
In summary, we have shown that isolated spinal dorsal columns are vulnerable to irreversible excitotoxic injury that is dependent on AMPA receptor activation and Ca 2ϩ influx from the extracellular space. The physiological role of glutamate receptors in white matter is not known but may involve activity-dependent signaling between axons and surrounding glia (Chiu and Kriegler, 1994) . Our finding of AMPA receptor subunits directly on myelin raises the intriguing possibility that axonal activity might directly modulate the metabolism and structure of the sheath itself, independently of or in addition to effects from the parent soma. During anoxia/ischemia or trauma, this mechanism, overdriven by ionic deregulation, may lead to irreversible injury. We have recently shown that glutamate is released from axon cylinders via reverse Na ϩ -dependent glutamate transport during in vitro anoxia and trauma, causing disruption of the myelin sheath in an AMPA receptor-dependent manner (Li et al., 1999) . It is very likely that studies demonstrating neuroprotective effects of AMPA/kainate antagonists in models of spinal cord injury conferred functional protection by sparing glia and myelin (Wrathall et al., 1994; Agrawal and Fehlings, 1997; Wrathall et al., 1997) ; this is supported by a recent morphological study showing sparing of glial elements by the AMPA/kainate antagonist NBQX after spinal cord injury (Rosenberg et al., 1999 ). An additional important injury mechanism in myelinated axons also involves axoplasmic Ca 2ϩ overload mediated by reverse Na ϩ -Ca 2ϩ exchange (Imaizumi et al., 1997; Stys, 1998; Stys and LoPachin, 1998) . Taken together, it is possible that injury to central myelinated axons proceeds along two parallel routes, with Ca 2ϩ influx through reverse Na ϩ -Ca 2ϩ exchange causing damage to the axon cylinder, whereas glia and myelin suffer Ca 2ϩ -dependent damage that is mediated instead by an excitotoxic mechanism.
